Secondary phases zinc sulfide/selenide and copper sulfide in Cu 2 ZnSnS 4 (CZTS) and Cu 2 ZnSnSe 4 (CZTSe) thin film samples are investigated by X-ray absorption near edge structure (XANES) analysis at the chalcogen K-edges. Because of the formation of secondary phases the composition of the kesterite phase can deviate significantly from the total sample composition. For a large set of non-stoichiometric samples we find that the cation ratios of the kesterite phase never exceed Zn/Sn = 1 even for Zn-rich CZTS and CZTSe, with all excess Zn being contained in secondary phases. For CZTS the cation ratios are found to be additionally constrained by Cu/Sn r 2, which means that Cu-excess always leads to the formation of Cu x S secondary phases. These results give clear bounds on the Cu-rich and Zn-rich sides of the single phase region in polycrystalline CZTS/Se thin films.
Introduction
Multinary chalcogenide materials have high potential for optoelectronic applications, because of their widely tunable optical and electronic properties. 1, 2 For example, Cu 2 ZnSnS 4 , Cu 2 ZnSnSe 4 and solid solutions thereof (CZTSSe) can be applied as absorbers in thin film solar cells, due to their p-type semiconducting nature and an optical band gap between 1 and 1.5 eV which allows an optimal match of the absorption properties to the sun spectrum. [3] [4] [5] [6] However, as the possibility of multiple phase formation increases with the number of constituent elements in these compounds, the identification and quantification of secondary phases become a crucial issue. A number of techniques have been applied for secondary phase identification in CZTS(e) thin films such as X-ray diffraction (XRD), 7, 8 microprobe fluorescence analysis, Raman spectroscopy, [9] [10] [11] [12] [13] and X-ray absorption near edge spectroscopy (XANES). 14 Some of the most important secondary phases in CZTS(e) are ZnS/ZnSe, which easily form because of their large negative formation enthalpies, 15 in particular under Zn-rich growth conditions which have been employed in most experimental studies. 5, [16] [17] [18] [19] At the same time ZnS and ZnSe are very difficult to be detected by room temperature XRD, because their diffraction peaks overlap with the peaks of the CZTS and CZTSe main phases. 7 While ZnS and ZnSe can be detected by UV-Raman analysis, 10 this technique is very surface sensitive and so far does not allow a quantitative determination of the phase content. Recently it has been shown that ZnS in CZTS can be unambiguously identified and even quantified by XANES measured at the K-edge of sulfur. 14 In the present study we will show that the same analysis is also possible for ZnSe in CZTSe.
Quantification of the secondary phase content is important for the following reasons: it has been found in numerous studies that the electronic properties of kesterite-based solar cells correlate with the sample composition. 2, [20] [21] [22] However, in all of these studies the presence of secondary phases is not taken account of, which means that in reality the given correlations do not address the actual composition of the CZTS(e) phase itself. For instance, if ZnS is present in Zn-rich CZTS samples, the Cu/(Zn + Sn)-ratio of the sample may be Cu-poor, while the Cu/(Zn + Sn) ratio of the kesterite phase is in fact larger than 1, if the ZnS phase is properly accounted for.
In the present study we will present a method which allows the determination of the real composition of the CZTS (CZTSe) phase by a combination of X-ray fluorescence spectroscopy (XRF) and XANES measurements at the chalcogen K-edges.
Analyzing a large series of samples this method allows us to deduce the existence region of single phase kesterite in the quasi-ternary phase diagrams with respect to Zn-rich conditions (Se and S system) and Cu-rich conditions (S system). As there are very few experimental phase diagrams available for CZTS [23] [24] [25] and to our knowledge none for CZTSe, these results are expected to provide a further understanding of the role of secondary phases in kesterite materials.
Experimental section
CZTS thin film samples of various compositions with different Cu/Sn and Zn/Sn-ratios as well as a Cu x S reference sample were prepared by physical vapor deposition using single stage co-evaporation of copper, zinc sulfide and tin at a nominal substrate temperature of 550 1C. 26 Molybdenum-coated soda lime glass was used as a substrate. Elemental compositions were measured by micro-X-ray fluorescence (XRF) mapping and averaging over the sample area, revealing no significant lateral inhomogeneities. Copper and zinc K-emission lines as well as Sn L-emission lines were used for the evaluation of the composition in order to avoid a contribution of the Sn-containing backside of the glass substrate, as it would be the case if the Sn K-line is evaluated. To obtain accurate sample compositions, self-absorption effects have been taken into account based on calculations using the PyMCA software tool. 27 XRF measurements were calibrated with CZTS thin film reference samples of known composition, which have been investigated by X-ray absorption spectroscopy and have been directly compared with Rutherford backscattering measurements. 28 The X-ray absorption near edge structure (XANES) of the K-edge of sulfur (2472 eV) was measured at Beamline A1 at the DORIS synchrotron at HASYLAB 29 in a transmission setup. For measurement details, refer to a recent publication. 14 All sulfur K-edge spectra are background subtracted and normalized using a pre-edge region from 2447.6 eV to 2464.3 eV and a post-edge region of 31-93 eV above the edge.
CZTSSe thin films were prepared by non-vacuum solution processing by dissolving the metal precursors SnCl 2 (98% from Sigma-Aldrich), ZnCl 2 (99.99% from Alfa Aesar), and CuCl 2 (98%+ from Alfa Aesar) in dimethyl sulfoxide (DMSO, 99.9% from Alfa Aesar), and adding thiourea (99%+ from Sigma-Aldrich). 30, 31 Precursor samples were prepared by iterating cycles of spin-coating and drying on a hot plate at 320 1C under atmospheric conditions using Mo-coated soda-lime glass substrates. In order to vary the sample composition along the ZnSe-Cu 2 SnSe 3 -tie line, the Zn/Sn-ratios of the precursors were set within 0.5 o Zn/Sn o 3.8. Cu-Zn-Sn-S precursor samples were converted to CZTSSe by sintering at 560 1C for 25 min in elemental Se atmosphere. Due to an infinite supply of selenium during the sintering process, nearly all sulfur contained in the precursor was replaced by selenium. After selenization no significant amount of sulfur was found in the CZTSSe solid solution samples as the (112)-diffraction peak was measured to be at the position expected for the pure CZTSe material.
Thus, in the following these samples are denoted CZTSe. The compositional analysis of the CZTSe samples was performed by EDX (20 kV acceleration voltage) from the top view. The penetration volume of the electron beam at this energy is about the full film thickness. Nevertheless, a Zn gradient or Zn segregation towards the back cannot be fully excluded. The total sample compositions of the as-prepared CZTSe samples are shown in the quasi ternary phase diagram ( Fig. 7) .
Stoichiometric Cu 2 ZnSnS 4 , Cu 2 ZnSnSe 4 , ZnS and ZnSe powder reference samples are prepared by a solid-state reaction of the elements in sealed evacuated silica tubes at a maximum temperature of 750 1C. Several annealing steps with subsequent mechanical grinding were performed to ensure chemical and structural homogeneity. The elemental composition was determined using wavelength dispersive X-ray fluorescence spectroscopy. Therefore a part of the powder was cast in epoxy and mechanically polished to yield a clean and very flat surface. 32 Because of their exact stoichiometric composition and equilibration at high temperatures, these samples can be assumed to consist of single phases only.
Room temperature measurements of the X-ray absorption near edge structure at the K-edge of selenium at 12 658 eV were taken at Beamline X at the DORIS synchrotron at HASYLAB. 33 Powder reference samples of Cu 2 ZnSnSe 4 and ZnSe were ground and mixed with cellulose as a matrix, adjusting the edge step values of the X-ray absorption edge of selenium between one and two. Reference measurements were taken from pressed pellets in transmission configuration while measurements of thin film samples are taken in a total fluorescence yield setup using a PIPS detector. The effects of self-absorption on the spectra do not have to be taken into account since the thin film samples have a thickness of around 1 mm while the calculated information depth on the high energy side of the Se K-edge in CZTSe extends to more than 15 mm. 34 Therefore thin film samples can be treated as diluted samples at the Se K-edge. All Se K-edge spectra were measured using a Si(511)-monochromator in order to achieve the highest possible energy resolution. The intrinsic monochromator resolution of 0.11 eV at 12.658 keV is significantly broadened by the non-negligible vertical divergence of the beam. The spectra are further broadened by the limited lifetime of the core-hole in the Se 1s-shell 35 resulting in an effective energy resolution of about 2 eV which is roughly two times worse compared to the effective energy resolution obtained at the K-edge of sulfur of about 1 eV. 14 In order to be able to perform an accurate background subtraction of the continuous absorption background all spectra are measured within a range of À230 eV to 300 eV with respect to the energy of the Se K-edge. An absolute calibration of the energy scale is not performed. Therefore the absolute energy scale might be inaccurate for some eV. All spectra of the K-edge of selenium are background subtracted fitting the background from 12 606 eV to 12 646 eV and are normalized using a post-edge region from 19.6 eV to 97.4 eV above the edge. Background subtraction, normalization and linear combination fitting of all spectra are performed with the help of the FEFF/IFEFFIT software package. 36, 37 Results and discussion
Quantification of ZnSe in CZTSe thin films
The measured, background-subtracted and edge-step normalized XANES spectra of powder references of Cu 2 ZnSnSe 4 and ZnSe are compared in Fig. 1 . Both spectra exhibit substantially distinct features and a significant edge shift of around 1.5 eV with respect to each other. While in the case of ZnSe the maximum absorption appears at 12 660 eV directly above the edge, the spectrum of CZTSe is composed of a pre-edge feature at around 12 656 eV and a maximum at 12662.5 eV. Both spectra look comparable to their corresponding spectra at the K-edge of sulfur of the corresponding compounds CZTS and ZnS considering the features being broadened due to the lower energy resolution at the K-edge of Se. 14 These substantial differences in the XANES spectra of Cu 2 ZnSnSe 4 and ZnSe enable the quantification of ZnSe as a secondary phase in CZTSe samples. The measured XANES spectra of specific thin-film samples with varying Zn/Sn-ratios are shown in Fig. 1 . It can be clearly seen that the pre-edge feature, characteristic for CZTSe, varies systematically with the Zn/Sn-ratio. The pre-edge feature growths with increasing CZTSe content, while the first maximum at 12 660 eV decreases according to the spectra being a superposition of the reference spectra. A linear combination analysis of a spectrum of one particular thin film sample is shown in Fig. 2 . To be most sensitive to the distinct features of the reference spectra, the sample spectra are fitted within a range of À3 eV to 8 eV with respect to the absorption edge position. The linear combination of the CZTSe and ZnSe reference spectra shows the best fit with 35.5% ZnSe and 64.5% CZTSe and is in excellent agreement with the measured spectrum. Comparing two different spectra, the fits appear to be sensitive to a difference of roughly 3% in ZnSe-content. Nevertheless, the absolute error is slightly larger due to the choice of background subtraction and normalization parameters and is estimated to be around 5% absolute in ZnSe-content.
Principal stability of single phase CZTS/CZTSe
Stoichiometric CZTS and CZTSe crystallize in the kesterite structure with 8 chalcogen atoms per unit cell. 38, 39 Correspondingly there are also 8 cations per unit cell, 4 Cu, 2 Zn and 2 Sn atoms. Deviations of the stoichiometry can be described as combinations of intrinsic point defects which can be antisite defects, vacancies and interstitials. Due to the comparably high enthalpy of formation for interstitial point defects, 22, 40, 41 it can be assumed that macroscopic deviations from stoichiometry can be attributed to antisite defects and vacancies only. Assuming a completely occupied anion lattice, the following constraint is found for the cations just by considering the limited number of lattice sites:
where V denotes the number of cationic vacancies and S denotes the number of chalcogen atoms, sulfur or selenium. Note that because the atom count in eqn (1) is not site specific, antisites are included in the balance. If we assume the octet-rule to hold, which means that the sum of the cation valences equals the sum of the anion valences, a second constraint is found using:
Although it is conceivable that the octet rule is violated by the massive formation of defects or defect pairs which do not comply with eqn (2), we note that defects and defect clusters obeying this rule have been found in ab initio DFT calculations to exhibit significantly lower formation energies and are thus much more likely to occur. 22, 40, 41 Note that only macroscopic deviations from stoichiometry in the range of several atomic percent are relevant for the herein presented analysis. The following analysis is based on the assumption of a complete anionic lattice (eqn (1)) as well as that macroscopic deviations from stoichiometry follow the concept of formal oxidation states (eqn (2)). Considering these two constraints for the atomic ratios in CZTS and CZTSe it follows that the Zn/Sn-ratio is not constrained and in principal can take any value, while the Cu/Sn-ratio is determined by the number of cationic vacancies in the material:
Since the number of vacancies is always positive or zero, it follows that the Cu/Sn-ratio is constrained to be equal to or smaller than two.
Composition of the CZTS/Se phase
The total elemental sample composition as measured by XRF or EDX is a sum of compositions of the individual phases within a sample. For example, if we assume a sample to consist of CZTS, ZnS and Cu x S, the Cu/Sn and Zn/Sn ratios of the CZTS phase are significantly lower than the corresponding ratios of the total sample as a result of Cu and Zn being bound in secondary phases. By quantitatively measuring the phase composition of a sample and combining this information with the total composition of the overall sample it is therefore possible to recalculate the actual composition of the CZTS/ Se phase. The total sample compositions as determined by XRF in the case of CZTS and by EDX in the case of CZTSe are shown in Fig. 6 and 7, respectively. The given uncertainties are derived by Gaussian error propagation on the basis of a measurement uncertainty of 1 at%. For the CZTS samples shown in Fig. 6 , the total sample compositions are found to lie in the Zn-rich and Cu-rich regions of the quasi ternary phase diagram, whereas for the CZTSe samples shown in Fig. 7 the total sample compositions are found to be Zn-rich located on the Cu-poor side of the ZnSe-Cu 2 SnSe 3 -tie line. These compositions are intentionally chosen to quantify Cu x S and ZnS in CZTS while restricting the quantification to the ZnSe phase in CZTSe because of the limited spectral resolution at the Se K-edge.
To reveal the composition of the CZTS phase in samples with different Cu/Sn and Zn/Sn-ratios, ZnS and Cu x S are quantified by linear combination analysis of their XANES spectra as described elsewhere. 14 ZnSe in CZTSe samples with different Zn/Sn-ratios is quantified as described above. The determined amounts of ZnS, ZnSe and Cu x S in CZTS/CZTSe thin films are shown in Fig. 3-5 with respect to the Zn/Sn or Cu/Sn ratio of the total sample composition. In each sample the quantity of formed secondary phases strongly correlates with the total sample composition. For example, in Zn-rich samples (Zn/Sn 4 1) the ratio of ZnS/ZnSe correlates directly with the Zn/Sn-ratio, while for Cu-rich samples with Cu/Sn 4 2 the secondary phase Cu x S is formed.
To determine the amount of Zn which is consumed by ZnS/ ZnSe, it is important to note that a linear combination analysis of the chalcogen K-edge spectra directly determines the percentage p X of chalcogen being bound in phase X with respect to the total amount of chalcogen atoms in the sample. The total amount of chalcogen in a CZTS/CZTSe sample is difficult to measure especially in the case of the sulfur compound due to the lack of reference samples and the strong matrix absorption of the S K-fluorescence lines. Instead the amount of chalcogen in the sample can be calculated from the metal composition taking the octet-rule into account, see eqn (2) . In the following, the case of CZTS will be evaluated only, but all formulas also directly apply to the corresponding selenium containing compounds.
Assuming ZnS to be in stoichiometric composition the amount of chalcogen in ZnS equals the amount of Zn in ZnS. Therefore the amount of Zn in CZTS is given by:
where element X denotes the amount of a specific element in phase X or in the total sample, respectively. Assuming a certain threshold composition of Zn/Sn = Z above which all excess Zn forms ZnS, it is possible to describe the formation of ZnS, p ZnS , analytically by combining eqn (2) and (4): where C denotes the Cu/Sn-ratio. Applying eqn (2) assumes the octet-rule to be fulfilled for the total sample composition. Furthermore it is assumed that the only secondary phases forming are zinc sulfide and copper sulfide, while Sn is contained in CZTS only. Least square fits of this equation to the data for ZnS in CZTS and ZnSe in CZTSe are shown in Fig. 3 and 4 , respectively. The formation of ZnS and ZnSe quite well follows this model description. Therefore the assumption of the existence of a certain Zn/Sn-ratio Z above which all excess Zn forms ZnS seems to be confirmed by the experimental evidence. For CZTS this threshold value Z is fitted to Z CZTS = 0.99 AE 0.01. This result implies that deviations from the stoichiometric composition (Zn/Sn = 1) immediately result in ZnS segregations. The given uncertainty is the error of the fit. The absolute error is larger due to the uncertainties of the XANES and XRF measurements. To estimate a value for the absolute error, upper and lower bounds of Z are drawn in Fig. 3-5 , such that the majority of the data points are considered within the given individual error bars. This procedure yields an absolute error for Z CZTS of AE0.05, which is denoted in brackets in the following. The threshold value Z for the formation of ZnSe in CZTSe samples is determined to be Z CZTSe = 1.09 AE 0.04(AE0.16) which shows a tendency towards slightly Zn-rich compositions. Since this tendency is still in the order of the given uncertainties, it has to be interpreted carefully. From these measurements it can be concluded that already a slight Zn excess in the CZTS or CZTSe samples unavoidably leads to the segregation of ZnS or ZnSe as a secondary phase. Therefore it can be assumed that all devices fabricated in the Zn-rich region of the phase diagram contain ZnS segregations. As a result, the composition of CZTS or CZTSe is constrained to Zn/Sn = 1 for Zn-rich growth conditions, as additionally shown in Fig. 6 and 7 .
The measured amount of copper sulfide in the same CZTS sample series as above is shown in Fig. 5 with respect to the Cu/Sn-ratio of the sample. Note that for samples where ZnS was also found, the amount of Zn and S which segregated in ZnS was subtracted from the sample composition as described above, such that p Cu x S + p CZTS = 100%.
The amount of Cu in the CZTS phase is given by subtracting the copper which is consumed by Cu x S from the total amount of copper:
Assuming a certain maximum compositional ratio C = Cu/Sn above which all excess copper will segregate in Cu x S, it is possible to find an analytical expression for the amount of copper sulfide formed p Cu x S , dependent on the Cu/Sn-ratio of the sample by combining eqn (2) and (6): with Z = Zn/Sn = 0.99 as determined above. The only assumption which is made here, apart from the octet-rule to be fulfilled, is that a certain threshold value exists for the Cu/Sn-ratio. Since the value of Cu/Sn is principally constrained by eqn (3), this assumption can be made. A least square fit of this expression to the measured data is shown in Fig. 5 (4) and (6) it is now possible to calculate the actual composition of the CZTS/CZTSe phase. Total sample compositions as well as the composition of the CZTS/CZTSe phase revealed by this analysis are shown together in Fig. 6 and 7 , respectively. The uncertainty related to the determination of the CZTS/CZTSe composition is also shown. It was calculated by error propagation of the uncertainties of the XRF, EDX and XANES measurements. The shown uncertainty is a mean value of individual uncertainties determined for all used CZTS/CZTSe samples, respectively. It clearly can be seen that within the uncertainty, the composition of the CZTS or CZTSe phase coincides with the point of stoichiometry as it was determined by the least square fitting above. Therefore it can be concluded that it is not possible to form neither Cu-rich nor Zn-rich CZTS even if grown under Cu-rich or Zn-rich conditions, since in these cases excess copper or zinc will always segregate in secondary phases.
It has to be mentioned that it can be misleading to use the value of Cu/(Zn + Sn) to determine the Cu-richness of a sample, as is often done in the literature, because of the possible formation of ZnS. Most CZTS and CZTSe samples are synthesized in the Zn-rich region of the phase diagram and therefore exhibit ZnS segregations, which reduce the Zn-content of the CZTS/Se phase. Therefore the CZTS phase can be stoichiometric in copper even if the Cu/(Zn + Sn)-value is below one. Therefore we propose to use the Cu/Sn-ratio and the Zn/Sn-ratio to describe the sample composition and compare it with various electrical characterizations, as the Cu/Sn-value is unaffected by the formation of ZnS and thus reflects, more directly, the composition of the CZTS/Se phase.
Summary and conclusions
It was shown that ZnSe as a secondary phase in CZTSe thin film samples can be identified and quantified using X-ray near edge absorption spectroscopy at the K-edge of selenium. ZnSe and CZTSe single phase references show distinct features in the X-ray absorption near edge structure which enable the quantification of secondary phases in phase mixture systems by linear combination analysis. Due to a significant broadening of the absorption spectra at X-ray energies of the selenium K-edge, the quantification of ZnSe in CZTSe is not as precise as the quantification of ZnS in CZTS at the K-edge of sulfur, which has been demonstrated previously. 14 We anticipate that with this method, ZnSe fractions down to at least 5% by volume can be quantified.
It was shown that the segregation of ZnS, ZnSe or Cu x S strongly correlates with the Zn/Sn and Cu/Sn-ratio of the total sample composition.
By a combination of X-ray absorption spectroscopy at the chalcogen K-edges of CZTS/CZTSe and X-ray fluorescence it was demonstrated that it is possible to determine the actual composition of the CZTS/Se phase in mixed phase thin film samples. The determined composition of the CZTS/Se phase significantly deviates from the total sample composition. The Zn/Sn-ratio of the CZTS and CZTSe phases was shown to be limited to around one for the case of Zn-rich sample compositions. As a result, all excess Zn within the sample segregates in ZnS/ZnSe as secondary phases.
Similarly, it was found that Cu x S is formed in Cu-rich samples in such a way that the Cu/Sn-ratio of the CZTS phase is limited to two for Cu-rich total sample compositions. This shows that the single phase region of CZTS towards Cu-rich and Zn-rich compositions is rather small and coincides, within the measurement uncertainty, with the point of stoichiometry.
